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Introduction

Molybdenum disulfide (MoS 2 ) is a layered material constituted by individual MoS 2 layers in which Mo
+4 cations are sandwiched between two layers of hexagonally packed S Exfoliated MoS 2 exhibits unique properties, such as the appearance of photoluminescence with apparent quantum yield increasing as the number of layers decreases and the increase in the band gap energy due to 2D quantum confinement. (7) (8) (9) Single layer or few layers MoS 2 find application in microelectronics and photonics as well as can be used as electrocatalysts for the H 2 evolution reaction in replacement of costly Pt electrodes. (10) (11) (12) Exfoliated MoS 2 has also been applied in photocatalysis as co-catalyst in H 2 generation. (13, 14) While it has been found that single or few layers 
Results and Discussion
The process is based on the use and properties of a natural biopolymer, namely, alginate that acts as G precursor and also as matrix to absorb molybdate precursor. Basically, the procedure consists in the intimate mixing in aqueous phase of an ammonium alginate solution with tetrathiomolybdate. After mixing, water is removed under reduced pressure and the resulting solid is submitted to pyrolysis under inert atmosphere at 900 ºC.
Alternatively, the aqueous solution can be used to spin coat a substrate such as quartz and the resulting film can be pyrolized under the same conditions (see fig.2 ). 
Fig. 2. Nanometric film of MoS
We anticipated that Equations 1 and 2 would also take place in the case of (NH 4 ) 2 MoS 4 embedded in alginic acid during pyrolysis. During pyrolysis, alginic acid will form G, as it has been reported, (30, 31) (all values in %wt) Fig. 4 shows the Raman spectra for MoS 2 -G10 material.
Fig. 4. Raman spectra of MoS 2 -G10 material showing the expected bands for the a) G component and b) MoS 2 .
The material after pyrolysis of ammonium alginate containing (NH 4 ) 2 MoS 4 was also characterized by electron microscopy. Field emission scanning electron microscopy (FESEM) images show particles of 7 µm average size corresponding to the graphitic carbon residue. On top of these particles the presence of smaller MoS 2 particles was observed, either in bright or dark field ( Fig. 5a and 5b, respectively) . Energy dispersive X-Ray spectroscopy (EDS)
analysis shows that these carbon residues contain S and Mo in the expected 2:1 atomic ratio. (Fig. 6a) . The interlayer distance determined by HRTEM in some parts was 0.62 nm corresponding to the expected value for 002 interlayer distance in MoS 2 ( Fig. 6c and 6d) .
The layered morphology of MoS 2 -G10 material exfoliated in water was also observed by atomic force microscopy (AFM) (Fig. 7) . This AFM image corresponds to a layered material (G) of around 0.3 µm in length with some layered particles (MoS 2 ) on top, similar to the images seen by HRTEM (Fig. 6a) . As it can be seen in this figure, the rate of H 2 evolution is similar for experiments carried out using MoS 2 -G heterostructures with G weight percentage between 1-10%. In the absence of G the photocatalytic activity is 2.4 times lower than the maximum H 2 evolution rate. On the other hand, G weight percentages higher than 10 % also reduce the H 2 evolution rate with respect to the optimal value. Particularly notable is the photocatalytic activity of G in the absence of MoS 2 that was more than one order of magnitude lower than the sample containing the optimal proportion of MoS 2 . The photocatalytic activity of a physical mixture constituted by 90 % MoS 2 and 10 % of G (MoS 2 +G10) was also measured. However, the activity for H 2 evolution is half than that for MoS 2 -G10, which indicates that when the two components of the heterostructure are in intimate contact the system is clearly improved.
The most reasonable mechanism for the photocatalytic H 2 generation from water containing TEOA as electron donor is presented in Fig. 10 . Figure 10 . Photocatalytic mechanism proposed for the system used in the present study.
According to this proposal EY will absorb visible light being promoted to the singlet excited state. Intersystem crossing (ISC) will generate the triplet excited state of the EY dye. This triplet excited state will be quenched by TEAO forming TEAO +* radical ion and EY -*
. The radical anion of the dye will tranfer one electron to G, regenerating the dye in the ground state.
The electron in G will be highly mobile reaching MoS 2 that will be the H 2 evolution center.
The important point is that as reported in the literature the combination of MoS 2 and G increases the photocatalytic activity for H 2 generation with respect to the individual components. (20) 
Conclusion
In the present manuscript we have shown a very convenient procedure for the reliable synthesis of MoS 2 -G heterostructures that can be applied either for the preparation of powders or films and only requires affordable starting materials and an oven. These hybrid materials are able to show the expected synergy between MoS 2 and G indicating the interaction between the two components in the heterostructure. Considering that alginate is a biomass waste, the present results constitute a remarkable example of biomass valorization leading to the formation of high added value materials with applications in microelectronics and photocatalysis. 
Experimental section
Preparation of G, MoS 2 and MoS 2 -G heterostructures
MoS 2 -G1,
Photocatalytic H 2 production tests
The photocatalytic solution (30 mL) was composed of an aqueous solution containing 15 % of TEOA as a sacrificial electron donor, 15 mM of EY as photosensitizer and 0.2 g L -1 of heterostructure as photocatalyst. It was irradiated in a cylindrical pyrex vessel (50 mL) with a
Hamamatsu filtered xenon lamp (λ>390 nm) with a focused intensity of 1.3 W m -2 . The system was purged with an argon flow for at least 30 min before irradiation to ensure the absence of oxygen in the system and it was continuously magnetically stirred and refrigerated at 20 ºC during irradiation. The hydrogen evolved in the photoreactor during the irradiation was determined by gas chromatography (GS-MOL 15 meters column ID 0.55 mm TCD from J&W Scientific).
Characterization techniques
The Raman measurements (Renishawin Via Raman Microscope) were carried out at room temperature with the 514.5 nm line of an Ar ion laser as excitation source. XRD patterns were obtained in a Philips X´Pert diffractometer using the copper radiation (Cu-Kα = 1.541178 Å).
AFM images were made with a Multimode Nanoscope 3A equipment working in tapping mode, using mica as substrate. FESEM images were taken with an ULTRA 55 ZEISS Oxford instrument and HRTEM images with a JEM 2100F JEOL 200kV electronic microscope.
